BETA-2 MICROGLOBULIN AND OTHER URINARY PROTEINS AS AN INDEX OF CADMIUM-NEPHROTOXICITY
One of the most detrimental effects of cadmium exposure pertains to the renal function. The tubular and/or the glomerular function will be affected resulting in an elevated excretion of low molecular mass and/or high molecular mass proteins respectively. Of these proteins, a few have been selected from each group. The relationships between protein concentration and cadmium concentration in kidney tissue, liver tissue and urine are discussed. Critical concentration values for each parameter are given. A preferred analytical method for the determination of the low molecular mass proteins is described and a recommendation is made as to which protein(s) should be determined.
INTRODUCT ION -Microglobulin (2M) is commonly regarded as the most sensitive index of early detection of efects on the body due to excessive cadmium exposure (refs. 1-3). However, it has been questioned whether determination of this small molecular protein is the most reliable method of assessing cadmium exposure (ref. 4) . At pH values below 5.5, 2M degrades very rapidly at 37 C and it is likely that this degradation can be initiated in the bladder. This means that when decision is made to determine 2M, then the pH must be controlled. This can be done immediately after urine collection, or preferably by ingestion of sodium bicarbonate and collection of the urine after several hours. As an alternative index retinol binding protein (RBP, molecular mass 21.4 x daltons) can be determined, as this protçin is stable in urine down to a pH of about 4.5.
SPECIFIC METHODS AND SEPARATION METHODS
Proteins such as 62M can be determined by a specific method or by using a separation technique such as electrophoresis. The electrophoretic methods which have been used include iso-electrofocussing (ref. 5 ) and sodium dodecylsulf ate polyacrylamide gel (SDS-PAGE)(ref. 6 ). The advantage of these separation techniques is that a 'fingerprint" pattern can be derived so as to indicate the kind of kidney damage, i.e. tubular and/or glomerular. The disadvantage of separation methods is that they are labour-intensive and mainly qualitative (ref. 6). Bernard et al. (ref. 6) found poor correlation between the area of the densitogram of SDS-PAGE and the amount of protein relative to creatinine: n=32, r=O.59, (1-r2)=O.65. Contrary to this findings, Kammiller (ref. 7) found a good correlation between the area of the densitogram and protein concentration for a small number of samples: n=13, r=O.97, (1-r2)=O.07, the concentration here however was expressed in the same units, while Bernard at al. (ref. 6 ) expressed their densitogram concentration in the uncorrected value of mg/l, but the protein concentration in a corrected mg/g creatinine. Kammiller (ref. 7) also found a good correlation between and RBP: n=7, r=O.97, (1-r2)=O.06 when determined by SDS-PAGE. This was consistent with tie findings of Bernard and Lauwerys (ref. 4) concerning the correlation between 62M (radioimmuno assay, RIA) and RBP (latex immuno assay, LIA). The conclusion is that determination of 62M with RIA can be compared with SDS-PAGE, provided both methods use the same units, i.e. either mg/l, or mg/g creatinine.
2MICROGLOBULIN (2M)
The problem of the urinary pH has been mentioned already in the Introduction; for pH < 5.5
(sometimes the case with morning urine) it is not useful to determine 2M. Such a sample should be rejected for 2M determination. Before the next urine sample is taken from the same person, sodium bicarbonate may be given orally at least a few hours before. However, in screening industrial workers it is only practicable to collect spot urines. Since dilute urine can give rise to poor precision or even erroneous results, it is useful to determine the creatinine concentration or specific gravity, not only to correct for the dilution, but also to give a threshold value below which 6 N should not be determined. Thus a creatinine concentration of 0.7 g/l can be regarded as he threshold level for deciding whether or not 958 2 microglobulin as an index of cadmium-nephrotOxiCitY 959 the urine can be analyzed for 2M.
Since 1981, three methods have been available (Table 1) to determine 2M -the widely used radioirnmuno assay (RIA), latex immuno assay (LIA) according to Bernard et al. (ref. 8) and enzyme immuno assay (EIA). ) concluded also that a three-fold washing procedure before counting was the best compromise between the amount of residual y-activity on one hand and the instability of the RIA-complex on the other hand. Recoveries were somewhat higher than 100%, both in urine and serum. A dilution up to 1:400 could be used without affecting the recovery. A disadvantage of this method is the limited shelf life of the isotopically labelled material.
Latex immunoassay (LIA)
Principle of the method. The sample containing 8,M is incubated with latex particles to which an antibody is absorbed. The reaction of 82M witi the antibody results in agglutination of the latex particle proportional to the concentration of the protein. The density of the suspended particles can be determined either with a particle counter, or by measuring the absorbance with a spectrophotometer. To date, only one group of authors has experience with the method, the Critical aspects. The agglutination reaction depends on many variables and some critical features must be optimized. In particular the antibody loading has to be optimized for each antigen-antibody system. The stability of antibody-coated particles is another critical factor.
Normally, agglutination appears to be due to protein-protein interaction but Bernard et al. (ref. 8) stated that this phenomenon can be prevented by saturating the latex particles with negatively changed albumin molecules. However, this can prevent the binding of proteins to the particles also. The stability of the latex particles is also strongly pH dependent: there is a rather broad optimum for pH > 9.6.
Urine must be diluted several times to achieve specificity. calculated for a very large range (from 10-10000) and the correlation coefficient is known to be a function of the range. It should be stated that for the important range of 100-1000 pg/I the achieving of a new comparison is desirable. Bernard et al. (ref. 8) found for the within-assay precision of LIA for a concentration of 416 pg/I, 4.6% (RSD) and for a concentration of 442 pg/I this was 8.7% (RSD). The between-assay precision for a concentration of -171 pg/I was 10% (RSD). The main source of variability seems to be the reading of the particle counter: the precision of this apparatus was 5% (RSD) for a ten-fold replication.
Enzyme. immuno assay (!4)
Pmnciple of the method. The principle is similar to that of RIA: an anti-2M complex solid phase bound to Sephadex competes with natural 132M. This competition is measured by spectrophotometry by means of an enzymatic reaction using a dye complex. Schaller (ref. II) made a comparison between the two methods and found a somewhat lower detection limit for EIA. Between-assay precision was better for EIA, but the recovery was 10% too low; this gave rise to 50 ug/l higher values for ELk than for RIA. Therefore, it seems that there is a bias in the EIA method so that there is room for improvement.
Performance characteristics of RIA, LIA and EIA Table 2 summarizes the characteristics of the three methods. The higher the detection limit of EIA is not a serious drawback, considering the upper limit of the reference range (200 mg/l). Table 2 Performance and comparison of different methods for the determination of 
SIGNIFICANCE OF PROTEIN DETERMINATION
Before investigating proteins, a choice must be made which protein(s) is (are) to be determined and how to interpret the concentration(s) observed. As already indicated, from the analytical point of view, it is possible either to determine a "fingerprint" pattern with a separation technique like electrophoresis or to use a specific technique to determine a simple protein. Which protein is to be determined depends on the clinical circumstances or the kind of study being undertaken.
THE CHOICE BETWEEN LOW MOLECULAR MASS PROTEINS OR HIGI MOLECULAR MASS PROTEINS
The Belgian group has stated that the effect of Cd on the kidney, formerly regarded as directed exclusively to the tubulus, also has effects on the glomerulus, even in the case of low levels of exposure (refs. 17-19) . The predominance of low molecular mass protein (LMM) such as 2M, RBP (cs2-macroglobulin) lysozyme, ribonuclease, post-protein and the light chains of inmunoglobulin, is characteristic of a molecular type of effect. These proteins are incompletely reabsorbed by the proximal tubuli after filtration from plasma and subsequently occur in the urine. However, high molecular mass (HNM) proteins such as orosomucoid, immunoglobulin, albumin, and transferrin (NM > 40000 daltons) can occur in urine also, suggesting that Cd may affect the glomeruli in so far as these regulate 11MM proteins.
In one study of cadmium workers, Lauwerys et al. (ref. 17) found that the prevalence of increase in relative clearance of was no greater than the increase in relativeclearance of HMM proteins. They also found that an increase in the relative clearance of 2M was not necessarily associated with an increase in those of the HNN proteins. The mechanism of this glomerular type of proteinuria might be an autoimmune one. An important conclusion is, that although the excretion of 2M proportionally is more increased than the excretion of H11M proteins, the HNM remain the most important indicator of proteinuria induced by Cd.
CADMIUM NETALLOTHIONEIN (Cd-Mt)
Another low molecular mass protein occurring in the urine of Cd-workers is Cd-metallothionein and this compound may be determined instead of or in addition to proteins such as 2M and RBP. However, it is difficult to draw a solid conclusion from this paper, because the correlation between log CdU and log Cd-MtU has been calculated from one set of data combining three statistically different populations. These findings suggest that Cd-MtU is simply another measure of CdU which is consistent with Cousins' hypothesis (ref. 22 ) that after degradation of the polypeptide chains of CdMt, the liberated Cd-ions quickly are incorporated into nascent chains of thionein. This explains why the Cd content of liver and kidney increases with age and environmental exposure (see below). In the author's opinion, Cd-MtU is nothing more than CdU, derived from the kidney tissue.
RELATIONSHIP OF URINARY PROTEINS TO Cd IN THE KIDNEY
Hansen et al. (ref. 5) considered that the urinary excretion of protein does not only mean that the corresponding amount of protein is lost from the body, but that this may also very well affect the statistical lifespan of the protein in the body. Because of the complicated mechanisms involved in excretion, regulation and feedback, it is not easy to evaluate the consequences to health of the loss of a certain amount of protein. However, any increase in urinary protein excretion should be considered with concern. The aim should be to prevent the onset of malfunction such as renal tubular damage among Cd-exposed workers. Table 3 sununarizes the suggested critical cadmium concentrations in kidney cortex before in vivo neutron activation methods were developed. After the introduction of the in vivo method, the situation became somewhat more complex. The in vivo technique involves a radioactive neutron source, placed at an adequate distance from the liver or kidney, and a flux monitor for control and dosimetry. The cadmium in liver or kidney is activated by the neutrons and will emit radiation which is counted at 90 degrees to the source; this radiation is a measure of the amount of cadmium in liver and! or kidney. Ellis et aZ. (ref. 26) assumed that there was a non-linear relationship between the Cd concentration in the kidney and the Cd concentration in the liver, because of a kind of overflow; they concluded that this non-linear relationship was composed of two linear curves: one corresponding to the lower concentrations of Cd in kidney and in liver, with an inflection point at liver concentrations about 31 mg Cd, above which the Cd kidney concentration slowly decreases with increasing Cd in liver. Taking account of this value of 31 mg Cd One qualifying remark, however, should be made: it is possible that the concentrations of Cd in this lower region are the result of Cd loss due to renal damage with concomitant proteinuria. In this situation it is not the cortical concentration which is a useful indicator, but rather the Cd-in-liver concentration. A "safe' limit, then, would be 20-25 pg/g Cd in the liver, which is consistent with the prevalence of proteinuria found by Rbels et al. (ref. 28) and summarized in Table 5. 132 microglobulin as an index of cadmium-nephrotoxicity 963 Table 5 Relationship between liver Cd burden, prevalence of 132-microglobulinuria and urinary excretion of 132M in a group of 153 workers from Zn-Cd smelters with hepatic Cd > 10 ig/g and renal cortical Cd > 50 pg/g (ref. workers -a signiticant correlation for CdF vs 132M was found; however for 132M vs age there was a higher correlation as shown in Table 6 . They implicated both Cd exposure and age in the increase of 13,M, with age being the more important factor. They stated also that there might not be a "no-eftect level" of Cd-exposure in respect of urinary 132M concentration. 
CONCLUSIONS AND RECONNENDATIONS
-Urinary 2M and RBP can be used as sensitive indices of early tubular kidney damage.
Both methods need standardization; a reference method for each is desirable. Such a method could be the latex iinmuno-assay method of Bernard at al. (ref. 8) . RBP is a more suitable index for practical reasons: 2M degrades in the bladder at pH < 5.5. However, for several years both methods should be used in parallel, to compare the results of RBP with former 2M studies.
-Together with an index of tubular kidney proteinuria, albumin, orosomucoid or iinmunoglobulin in urine should be determined as an index of glomerular kidney proteinuria, as glomerular damage may happen, independently of the tubular lesion.
-For continuing studies in depth, the whole urinary protein pattern should be determined in in a qualitative and quantitative way using a separation method like electrophoresis or 964 CONNISSION ON TOXICOLOGY electrofocussing.
-The determination of Cd-metallothionein gives no information additional to the determination of Cd in urine and can be regarded as an alternative to this assay.
-Proteins and Cd in urine should be corrected for dilution by means of the creatinine concentration.
-The Cd concentration of the liver is a more suitable indicator of renal damage than the renal Cd concentration itself. A proposed limit for the Cd in liver concentration will be 20-25 ig/g. Here the prevalence of proteinuria is low. The corresponding renal cortex Cd concentration is : 50-100 Jg/g.
-Proteinuria is related to age and duration of exposure. A critical concentration for 2M
and RBP is: 200-300 pg/g creatinine. This value however, should be considered together with the Cd in urine value, which should be < 10 pg/g creatinine, and the Cd in blood value, which should be < 5 ig/1 in individual workers. Cd in blood, however, is also related to smoking. For Cd in urine, an important index could be the change in concentration as a function of exposure. A fall in concentration means a diminishing exposure; a rise indicates a constant exposure or growing exposure.
